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AB5TRACI 


Progress has been made in the past year in improving 
ribbon flatness and reducing stress, and in raising cell per- 
formance for 10 cm wide ribbon grown in single cartridge EFG 
furnaces. Optimization of growth conditions has resulted in 
improved ribbon thickness uniformity at a thickness of 200 
Mm, grown at 4 cm/minute, and growth at this target speed is 
now routinely achieved over periods of the order of one hour 
or more. With the improved ribbon flatness, fabrication of 
large area (50 cm^) cells is now possible, and 10-11% effi- 
ciencies have been demonstrated on ribbon grown at 3.5 to 4 
cm/minute. 

Factors limiting performance of the existing multiple 
ribbon Furnace 16 have been identified, and growth system im- 
provements implemented to help raise throughput rates and the 
time percentage of simultaneous three-ribbon growth. Howev- 
er, this work has made it evident that major redesign of this 
furnace would be needed to overcome shortfalls in its ability 
to achieve the Technical Features Demonstration goals of 
1980. This course of action did not appear to be warranted 
because of the age of the furnace. It was decided instead to 
start construction of a new multiple ribbon furnace and to 
incorporate the desired improvements into its design. The 
construction of this furnace is now completed, and it is ex- 
pected to be put into operation in the last quarter of 1981. 

As of October 1, 1981, the entire multiple ribbon 
furnace program was incorporated into the Mobil Tyco in-house 
program. The final status report for this portion of the 
program is included here. 


"The JPL Flat Plate Solar Array Project is sponsored by the 
U.S. Department of Energy and forms part of the Solar Photo- 
voltaic Conversion program to initiate a major effort toward 
the development of flat plate solar arrays. This work was 
performed for the Jet Propulsion Laboratory, California In- 
stitute of Technology by agreement between MASA and DOE." 
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I. imODUCTIOH 


Development of EFG technology for growth of silicon 
ribbon has reached the point where the readiness of multiple 
ribbon furnaces for long term operation with acceptable duty 
rates and material quality must be demonstrated to establish 
this technology as a viable candidate for production of low- 
cost substrates for terrestrial solar cell fabrication. The 
Mobil Tyco program has worked toward this goal in the past 
year with the design and construction of a new multiple 
ribbon furnace for growth of four 10 cm wide ribbons with 
automatic ribbon width control and melt replenishment. At 
the same time# fundamental studies and optimization work con- 
tinued to examine factors limiting growth performance and 
ribbon quality in single 10 cm cartridge furnaces. 

Because of a significant change in DOE funding levels in 
1981, the major part of the support for the multiple ribbon 
furnace program in the past year was provided by Mobil Tyco. 
As of October 1/ 1981 r the entire multiple 10 cm ribbon fur- 
nace effort has been incorporated into the Mobil Tyco 
in-house program. The study of factors associated with im- 
proving growth performance » and means by which to reduce 
stress and raise quality in 10 cm wide ribbon EFG systems is 
the focus of the ongoing work in the Flat-Plate Solar Array 
(FSA) program at Mobil Tyco still funded by DOE. This will 
be carried out in two single cartridge furnaces. 


1 


II. HIGH-SPEED GROWTH QUALITY STUDIES (J.P. Kalcjs) 

A. QygLYiSilf 

Th« 1981 goals for the PSA project that relate to 
quality and throughput for 10 cm wide ribbon growth are being 
addressed in two single cartridge furnaces operating under 
this program. Speed and quality optimization work is 
proceeding in Furnace 17 using cartridge with cold shoes 
having growth speed capabilities of 4 cm/minute. This is 
aimed at development of a system for growth of uniform thick- 
ness ribbon of 200 ^im (8 mils) at 4 cm/minuter which has low 
stress 1 ivels and can produce solar cells of 12% efficiency. 
The impacts on ribbon quality and stress arising from growth 
speed and from the cold shoe clement used to increase the 
system speed capability are under investigation in Furnace 18 
(JPL No. 1) . A cartridge system which does not employ a con- 
ventional cold shoe design is being developed there for 
growth of 10 cm wide ribbon at speeds between 3 and 4 
cm/minute. 

The work associated with improving growth stability at 
the target speed of 4 cm/minute has proceeded on several 
fronts. A number of design changes in die top itiiotherm con- 
trol elements have been made to develop isotherin? that 

'•W page blank not FILJr® ' 


promote ribbon edge stability and thickness uniformity. 
Ribbon guidance and alignment have been improved to decrease 
the severity of perturbations that produce ribbon deviations 
from flatness and growth interruptions. As a result# growth 
conditions have been improved to the point where 
uninterrupted growth at 4 cm/minute has been demonstrated 
over periods of one hour or more# with the limitation in 
growth duration often set by the charge size available in the 
single-cartridge furnace. 

The changes implemented to improve growth conditions at 
4 cm/minute and ribbon thickness uniformity have not had a 
noticeable impact on buckle formation# as evidenced by buckle 
patterns# although considerable improvement in ribbon overall 
flatness was demonstrable. To better understand stress gen- 
erating mechanisms that may lead to buckle formation# an 
investigation has been started to study the relation between 
the ribbon post-growth temperature profile and stress-induced 
buckling. Significant variations in buckle patterns have 
been produced as a result of changes in linear cooling plate 
design# and in one case reduction of buckle and stress levels 
was achieved. These investigations are continuing to charac- 
terize the cartridge temperature fields and to develop a 
model to account for stresses in order that growth configura- 
tions that further reduce ribbon stress may be found. 

In the course of experiments carried out in the past 
year designed to study the effects of various process parame- 
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ter> on cell efficiency, it has become increasingly apparent 
that material property inhomogeneity occurring in high speed 
system grown ribbon is closely related to meniscus ambient 
variations. Work has accordingly focused on improving the 
control of ambient gas in the meniscus (growth interface) 
region and on studying the influence of gas species and con- 
centrations on cell parameters. A new gas distribution 
system, utilizing a hollow die top shield, was introduced for 
this purpose. As a result of optimization studies with 
CO 2 /O 2 in argon mixtures carried out with this system, cell 

efficiency has been raised to the 10-11% (AMI) range on 50 
2 

cm areas for ribbon grown at 3.5 cm/minute with cold shoes. 
However, at its best, cell performance is still below that 
demonstrated on ribbon grown in the low speed (i.e., no cold 
shoes) systems. Experiments are now underway to examine the 
extent to which quality deficiency may be overcome through 
further optimization of growth conditions in the existing 
high speed growth mode. At the same tints, the impact on ma- 
terial quality produced by growth speed and by the cold shoe 
itself are still of concern. Questions of the effect of spe- 
cific thermal profiles on ribbon quality through stress and 
defect generation, the influence of speed on quality, and the 
possibility of cold shoe introduced impurities are all under 
consideration. Comparison of the material properties in 
growth with and without the conventional cold shoe as a func- 
tion of growth parameters (speed, ribbon thickness, ambient 
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composition) is being planned to address these questions. 

B. BMsUntntal 

1 . Miah SMed .tfumace 121 

The experiments carried out in the 10 cm car** 
tridge with cold shoes in Furnace 17 in the past quarter are 
summarized in Table I. A number of changes in cartridge com- 
ponent design were made in a preliminary study of means by 
which the post-growth temperature field may be manipulated so 
as to influence buckle formation and ribbon stress levels. 
These changes included! (1) profiling the linear cooling 
plate to alter its cross section across the ribbon width; (2) 
changing of the geometry of the growth slot constriction 
formed by the inside surfaces of the linear cooling plates, 
i.e., the growth slot dimensions; (3) relocating the after- 
heater; and (4) increasing the length of the cooling zone of 
the cartridge. The most dramatic results have been achieved 
with the latter. The longer linear cooling plate design was 
originally conceived to counter seed breakage, and is de- 
scribed in detail in a previous report. However, a 
significant reduction of the buckle amplitude and in residual 
stress levels have occurred in ribbon grown with this 
"stretched” cartridge. The reasons for this are not known at 
present. The post-growth temperature field influence on 
ribbon stress and buckling is the focus of ongoing work. 
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Table X. 

Run No. 
17-182 

17-183 

17-184 

17-185 

17-186 

17-187 

17-188 


Run Data for 10 cm Wide Ribbon Growth in Furnace 17 in 
the Last Quarter. Standard Argon Plow Conditions in 
all Runs; 6 I/minute Main Zone» 1 I/minute Cartridge. 


Speed Range Comments 

(cm/minute) 


3.5 - 3.7 Test of profiled linear cooling plate 
with a hot center for purpose of study- 
ing stress generation mechanisms. Use 
of a single roller belt puller to study 
guidance perturbation effect on flat- 
ness. Buckle pattern is noticeably 
altered. 


3.6 - 4.0 


3.6 - 4.0 


2.8 - 3.0 


3.8 - 4.1 


Repeat of run 17-182 but with return to 
old design of belt puller. 

Repeat of 17-182. No apparent differen- 
ces in flatness caused by change in 
puller mechanism. 

Test of two-piece die in use in Furnace 
18. Poor growth stability because of 
lack of bulbs at die edges. 

Test of profiled linear cooling plates 
with a cold center. No growth due to 
poor die top temperature profile. 

Good stability at highest speeds with 
hot center profiled linear cooling 
pl«.tes (as in run 17-182) and relocated 
afterheater. 


3.C - 4.0 Repeat of 17-187 with higher afterheater 
temperature (1130^C vs. 1095^C in 17- 
187) . Over one hour growth without 
freezes at top speed. No change in 
buckle pattern with temperature rise ob- 
served. 
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T«bl« I (Continued) 


Run No. 

17-X89 

17-190 

17-191 

17-192 

17-193 

17-194 


Speed Range Connente 

(cn/minute) 


3.2 - 3.8 Growth of ribbon with varying thickness. 

No significant changes in buckle pattern 
with thickness observed. 


- No growth with constricted growth slot 

due to seed jamming and breakage. 

~3 Test of additional linear cooling plate 

modifications. Poor growth conditions 
due to hot die center. 


2.5 - 3.6 


3.3 - 4.(i 


3.1 - 4.0 


First test of new design "stretched* car- 
tridge. Reasonable growth conditions. 
Maximum speed limited by non-optimized 
die top isotherms. Ribbon flatness im- 
provement nociceable. 

Repeat of 17-192 with hollow die shield 
and gas control* profiled face heater. 
Growth conditions good* ribbon flatness 
improved at highest growth speed. 

Repeat of 17-193. Good growth conditions 
at 3.8 cm/minute. Ribbon flatness impro- 
ved noticeably over standard 
cartridge-grown ribbon* stress levels 
lower. 


2. id £0 Ribbon Syitta PovolaBnonb Ifmancc I&L 


Acctptablo growth conditions for 10 on wids 
ribbon hsvs boon tstsblishod in Purnscs 18 in & cartridge 
without cold shoes# with growth speeds up to 2.3 ca/ninute. 
At speecis higher than this# noticeable edge instability ap- 
pears because of a lack of sufficient cooling at the die ends 
for the given ribbon thickness. Additional cooling is to be 
provided by* cooling tubes# or "end* cold shoes# which will 
cool the ribbon edges only. This system will be operated to 
develop a quality baseline for the 10 ca cartridge without 
Che conventional design of cold shoe. 

The experiments carried out in Furnace 18 in the past 
quarter are summarized in Table II. A new main zone and con- 
trol electronics were installed in Furnace 18 to improve 
reliability of operation and to upgrade system components# 
respectively. Uneven main zone heating had been suspected as 
contributing to a lack of reproducibility of die top 
isotherms. Testing of the new systems occupied much of the 
last part of the quarter# and only a few useful growth at- 
tesqpts resulted. However# after the debugging period was 
coapleted# recent runs showed that better reproducibility and 
reliability of operation appear to have been achieved with 
the system iaproveaents . 

3. MAtitiil QuAliby stud it! 

A number of differences in growth conditions due to 
the presence of the cold shoe have been suggested as possible 


k 
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T«bl« XX. 

Run No. 

18-284 

18-285 

18-286 

18-287 

18-288 

18-289 

18-290 

18-291 

18-292 

18-293 

18-294 

18-295 


Run D«ta for 10 cn Wido Ribbon Growth in Purnact 18 in 
tha Last Quartar. 


Commanta 


Ralocation of aftarhaatar ahialda attamptad. Poor 
growth condition! dua to dia top tamparatura imbalanca. 

Raturn of aftarhaatar ahialda to ragular location., 
Raaaonabla growth at 2 cn/minuta raastabliahad, but 
adgaa unatabla. 

Tact of two-piaca dia with aaw cuta to improva adga 
atability. Poor growth conditions dua to tamparatura 
gradianta acroaa dia top. 

Taat of thickar profilad faca haatar. Poor growth con- 
ditiona dua to cold dia cantar and unfavorabla 
tamparatura gradient. 

No growth due to broken aeada. 

Initial taat of and cold anoa cartridge. Water block 
in line prevented heatup of ayatea. No r'^wto attemp- 
ted. Furnace and control electronics rebuilt after 
this run. 

Cartridge without cold shoes. No growthr hot die 
canter. Test of new control electronics and rebuilt 
main zona. 

No growth dua to aftarhaatar shield misalignment which 
caused seed breakage. 

No growth. Aftarhaatar power control electronics 
failure. 

Limited growth. Run terminated by broken seed. 

Shakedown test for cartridge with and cold shoes. 

Repeat of 18-293 without end cold .shoes. Good growth 
conditions established at 2.0 to 2.3 cm/minuta. Ribbon 
adga instabilities appear at 2.5 cm/minuta. 


10 


causes for quality deficiency of ribbon grown in this high 
(2) 

speed mode* This deficiency has been manifested as a gen- 
erally lower cell efficiency of 10 to 11% (AMD for material 
grown with the cold shoes* than the ll-t>% level demonstrated 
in growth at 2 cm/minute without cold shoes. Correspon- 
dingly* as-grown material SPV diffusion lengths for the 
former more often have fallen into the range of 30 to 40 /im* 
rather than the levels of 40 to 50 tm achieved without cold 
shoes. Material inhomogeneity* as evidenced by diffusion 
length variations across the width of 10 cm ribbon* has been 
more severe and more sensitive to ambient conditions for the 

ribbon grown with cold shoes than without* accounting for 

2 

much of this difference. The best small area (1 cm diame- 
ter) SPV barriers within a ribbon width span often have been 
as high as 50 to 70 pm. SPV fluctuations appear to be 
related to the manner that gas is introduced into the inter- 
face region* viz.* location of gas sources* gas flow patterns 
and velocities* as well as to gas species and composition. A 
new gas distribution system was developed in the past year to 
improve control of interface ambient gases. This has had an 
impact in generally raising the reproducibility and consis- 
tency of experimental data* and helping to achieve 10-11% 

2 

cell efficiency over larger (50 cm ) areas (see Section IV 
for details). However* better control of interface gas con- 
ditions is still needed. In particular* the main zone purge 
gases exit through the interface region and growth slot* and 
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this imposes a major uncertainty as to the steady-state gas 
flow pattern and individual gas species concentration levels 
near the interface. Design efforts are underway to reintro- 
duce an improved gas seal at the ribbon exit and allow the 
main zone gases to be re-routed (see also Section III). This 
will be done in the next quarter. 

Considerable experimental data has been gathered regard- 
ing the dependence of ribbon and cell parameters on such 
process variables as ambient gas flow conditions » species 
(C02r CO and O2) and concentration^ quartz in the melt as a 
source of oxygenr resistivity and growth speed. The ambient 
gas species concentration of CO2 and O2 emerges as the most 
important influence on cell efficiency at a given doping 
level. For the given gas distribution system, CO2/O2 in 
argon mixtures with CO2/O2 levels in the range from (2000 to 
5000 ppm)/ (20 to 50 ppm) have been shown to be required to 
optimize cell performance at the 10-11% level. These are the 
gas concentrations introduced into the cartridge. The inter- 
face gas concentrations are not known, but estimates made on 

the basis of ribbon surface film cover produced by a given 

(4) 

level of CO made in earlier runs would suggest a range of 
100 to 300 ppm of CO was present in the environment of the 
growing ribbon. At this point, no specific difference 
between CO2 or CO in influencing cell properties has been 
identified. CO2, to which a low level of O2 has been added, 
has been used for most of the work, however. These gases 
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have been chosen because of a generally lower incidence of 
SiC» both in die top deposits and ribbon film, arising from 
this higher oxygen level, and because of the evidence that 
ribbon interstitial oxygen levels are higher at a given gas 
concentration level. Thus, lower concentration levels can be 
used. No correlation of cell efficiency with interstitial 
oxygen level is evident on the basis of the data obtained to 
date. 


4. £uJtU££ HqxJl 

The two major problems that will be addressed in 
future work relate to understanding of mechanisms that induce 
stress in ribbon during growth and to identifying factors 
that control ribbon quality in the cold shoe system. Funda- 
mental studies that examine basic phenomena in these areas 
are planned. The program on study of ribbon stresses will: 
(1) characterize cartridge temperature fields as a function 
of linear cooMng plate design; (2) initiate modeling of tem- 
perature-stress relationships that can identify mechanisms of 
stress gene otion and ribbon buckling. Work on quality im- 
provement will proceed both through implementation of changes 
in the growth area, and with the study of processes by which 
ribbon properties are influenced in high temperature anneal- 
ing. In the growth area, an improved cartridge ambient 
control system and gas distribution means will be sought, and 
ribbon will be grown with and without the conventional cold 
shoe design to obtain a quality comparison. Another aspect 
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of this work will be to test the effect of different designs 
and materials of construction for cold shoes and power leads 
(containing the only metals in the cartridge) on ribbon 
quality* These grcwth parameter investigations will be sup- 
plemented by basic studies on the effect of high temperature 
heat treatments on ribbon properties (see also Section IV) . 


14 


III. MULTIPLE BIBfiQM GBQHTH STSTEM DEyELQPHENT (B.H. Mackin- 
tosh) 

A. Qygiyjfiy 

Ths multiple ribbon furnace program has undergone a 
number of changes in direction in the course of the past 
year. Operation of the original multiple ribbon Furnace 16, 
rebuilt in 1980 to accommodate three cartridges for 10 cm 
wide ribbon, has gradually been de-emphasized because of in- 
creasing reliability problems. All operation of this furnace 
ceased in July 1981 after a number of multiple growth runs in 
the last quarter of 1980 and first quarter of 1981. These 
revealed shortcomings of this machine in both throughput and 
product quality, which require that problems in a number of 
areas be addressed before acceptable performance levels can 

(3) 

be expected. With these in mind, the design and construc- 
tion of a new multiple ribbon furnace for growth of four 10 
cm wide ribbons was started in the first quarter of 1981. 
This furnace was to be built at Mobil Tyco's expense and to 
be incorporated into the JPL program for operation in the 
last quarter of 1981. Construction of the furnace has pro- 
ceeded on schedule, and the furnace is to be put into 
operation in the last quarter of 1981 as planned. However, 
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the JPL program at Mobil Tyco has been reduced in scope and 
will concentrate on research on fundamental problems of 
stress reduction in ribbon and on quality improvement in high 
speed growth in single cartridge furnaces. All multiple 
ribbon furnace development within the program will cease as 
of October 1# 1981. The description of the concepts that are 
part of the multiple ribbon furnace updated design^ there- 
fore » are presented in what follows as a final status report 
for this portion of the JPL program. 

B. Multiple Ribbon Furnace Pevelopnent 

The design and construction of a new multiple ribbon 
furnace was undertaken in early 1981 when it became evident 
that Furnace 16 would not be capable of fulfilling the 
Technical Features Demonstration goals set for it in 1980 
without a major redesign effort. These goals called for a 
multiple ribbon growth run of eight hours, a growth rate of 
4.5 cm/minute, a machine duty rate of 85% or better, oper- 
ational automatic controls on one ribbon, and a ribbon 
quality sufficient for 10.2% cell efficiency. The shortfall 
in meeting these goals was shown to be cacsed partly by car- 
tridge-related deficiencies, and partly by rain zone furnace 
inadequacies. The program plan for 1981 accordingly 
called for optimization work on the cartridge with respect to 
growth performance and ribbon quality to continue in single 
cartridge furnaces during the construction phase of the new 
furnace. Prior to proceeding with this course of action, a 
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standardization of cartridge componentsr and main zone 
configuration insofar as was possible* was carried out to 
place cartridge performance in both multiple and single car- 
tridge furnaces on a comparable level. The elements of 
design that are to be Incorporated into development of the 
new multiple ribbon furnace are examined in more detail next. 
Main furnace and cartridge-related topics are discussed under 
separate headings. 

1. llAin Euinace Daslgn 

The new multiple furnace will allow for growth 
of four 10 cm wide ribbons* as compared to three the 
present Furnace 16. This provides a more symmetric configur- 
ation for locating two cartridges on either side of a central 
melt replenishment unit. The new furnace is shown in the 
photograph in Figure 1. The target operating growth speed 
has been lowered to 4 cm/minute from the previous 4.5 
cm/minute* and the extra cartridge provides more than the 
necessary compensation for the decreased areal throughput re- 
sulting from this speed reduction. The lower growth speed 
has been shown to be attainable with the existing cooling 
capabilities in the cartridge already in use* and limits the 
experimentation necessary to improve performance to 
acceptable levels only to optimization studies. 

A new melt replenishment unit is to je incorporated into 
the updated furnace design. The original design had proved 
to be unreliable when pushed to the limit even for supplying 
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Figure 1. 


Multiple ribbon furnace for growth of 
four 10 cm wide ribbons. 




silicon for growth of thrse 10 cm wide ribbons. The new unit 
will have the capability to provide for growth of four rib- 
bons » and will utilize silicon chips rather than the 
specially shaped solid charge rod used in the old unit. 

Additional changes that have been incorporated into the 
new furnace design will improve main zone insulationr the 
furnace jacket cooling arrangement* and power supplies to 
provide for more efficient operation of the main zone. 

2. Cartridge Efilfotnance 

The outstanding factor contributing to the pro- 
ductivity shortfall in multiple ribbon growth demonstration 
runs was related to seed ribbon breakage. This breakage 
occurred frequently enough to cause appreciable loss of 
growth time and cartridge performance degradation due to 
broken silicon seed pieces melting on the die and becoming 
jammed in the growth slot. The cause of this was recognized 
as stress increases in seeds being inserted into the upper 
regions of the cartridge growth slot caused by an abrupt de- 
crease in temperature at the cartridge exit. A new elongated 
or "stretched” cartridge has been designed to change the tem- 
perature profile at the linear cooling plate termination* as 
illustrated in Figure 2. This design has undergone prelimi- 
nary testing in Furnace 17 (see Section II). A detailed 
description ^*f this cartridge appears in an earlier 
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•EFFECTIVE LENGTH OF LINEAR COOLING PLATES. 

••ENDING TEHPERATURE OF CONTROLLED GRADIENT 
REGION. 

Figure 2. New cartridge (on right) designed to alleviate 
seed breakage problem. 
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Aspects of cartridge design that impact on ribbon qual- 
ity have been under study in the s^ gle cartridge furnaces. 
Ambient gas flow p^ ttern and composition control has been 
demonstrated there to have a first order effect on ribbon 
cell performance. The gas distribution system in use has 
not been developed specifically for use in a multiple furnace 
environment# where implementation of any control poses 
special problems because of the multiplicity of openings (at 
the cartridge locations and the melt replenisher) . A means 
to seal off the ribbon exit at each cartridge location is 
under development at present. This is illustrated in Figures 
3 and 4. In the present arrangement# all the main zone gases 
are flushed through the cartridge growth slot (Figure 3). 
Although this arrangement does not impede successful imple- 
mentation of a gas control system in the single cartridge 
furnace# this is not the case for the multiple ribbon furnace 
because the main zone purge gas flow is distributed araong 
several cartridge openings. Different flow resistances gen- 
erally exist at each of the cartridge locations# and thus a 
constant flow rate at any one location cannot be guaranteed. 
In the gas control system under development# complete control 
of the cartridge ambient will be sought by sealing each 
ribbon exit# as illustrated in Figure 4. 

A number of other refinements of control electronics are 
due to be implemented to improve overall furnace operation 
and reliability. These include automatic width control 



A LARGE PURGE GAS FLOW PREVEHTS BACKSTREAHING, BUT 
ENTRAINS ALL GAG SPECIES PRESENT IN THE 
FURNACE PAST MENISCUS AND HOT RIBBON. 

Figure 3. 
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t VEfJT 

£FG FURNACE W?TH P IBBON SEAl 
PURGING GAS OF CONTROLLED COMPOSITION IS Annpn 

through the cartridge and directed at the GROUrniaERFACE 

Figure 4. 
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syst«n improvcmentc tested during the past year, and improved 
cartridge power supplies. Finally, the new multiple furnace 
is to be housed in a specially constructed room with humidity 


control, filtered air, and non-particulating 
reduce the possibility of contaminatiwn from the 
nace environment. 


surfaces to 
general fur- 



IV. QELL MQ MATERIAL CHARACTER I Z AT I OH (L.A. Ladd) 


A. Overview 

During 1980 r growth parameters were developed for 
Machine 18 which resulted in the ability to consistently grow 
ribbon with diffusion lengths of 40 to 50 and which could 
be made into solar cells with 11-12% average efficiency. 
These conditions involved the growth of 5 cm wide ribbon at 2 
cm/minute and incorporated the injection of a gas containing 
CO 2 from above the interface. Our objectives for 1981 were 
to learn how to reproduce this result with 10 cm wide ribbon 
grown in a system with cold shoes. Preliminary results ob- 
tained in 1980 indicated a new gas distribution system 
configuration would yield ribbon with diffusion lengths 
between 30 and 40 itm and cells with 9-10% efficiency. The 
CO 2 concentration and resistivity levels were optimized in 
the course of this year and it was determined that average 
run efficiencies of 10-11% could be achieved for large area 
cells. It is believed/ however/ that more fundamental 
changes will be required to get average efficiencies of above 


In Section B# the work which was done to optimize the 
CO 2 concentration and resistivity will be summarized. The 
data which have been presented in previous reports will for 
the most part not be included again in this report. Section 
B will also include work which was done to evaluate the use 
of quartz in the melt as an alternative method of introducing 
oxygen into the ribbon. In Section C, heat treatment experi- 
ments which have been started will be discussed. The purpose 
of these experiments is to determine how ribbon grown under 
various conditions responds to high temperature heat treat- 
ment. This information will be used to gain a better 
understanding of what the limiting material factors are that 
govern ribbon diffusion length and will, it is hoped, lead to 
an understanding of what fundamental changes are required in 
order to grow ribbon suitable for making high efficiency 
cells. 


B. Cell Cbai-acteLization 

The main effort in this area this year has been to 
optimize quality and growth parameters for 10 cm wide ribbons 
grown at greater than or equal to 3.5 cm/minute in Machine 
17. Various gas ambient conditions in the growth cartridge 
have been evaluated. For the most part a gas mixture of 1% 
CO 2 plus 100 ppm O 2 in argon, which is then diluted further 
in argon, has been used in the cartridge. Some of the work 
earlier in the year was done using a 1% CO 2 in argon gas mix- 
ture which was then diluted further in argon. The results 
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were similar. The conclusion of this work is that the best 
ribbon diffusion lengths and the best cell performance for 
phosphine processed cells take place for concentrations of 
between 0.1% CO 2 plus 10 ppm O 2 and 0.5% CO 2 plus 50 ppm O 2 . 
For these ambient gas conditionsr ribbon diffusion lengths of 
from 30 to 40 nm can be consistently obtained and average 
cell efficiencies of between 10% and 11% efficient cells can 
be achieved. This applies to both large and small area 
cells. 

Table III shows data obtained earlier this year for 
2 

large area (50 cm )' cells from run 17-143. A total of nine 
cells were processed and tested and two had high reverse 
leakage current and are not included in the table. The aver- 
age efficiency is 9.6%. This ribbon was grown at 2.5 
cm/minute with between 0.2% CO 2 and 0.33% CO 2 applied to the 
growth cartridge. Table III also shows data obtained from a 
batch of large area cells processed from a number of recently 
grown runs. The ribbon for all of these recent runs was 
grown at 3.5 cm/minute. For the two runs which were grown 
under near optimum conditions, the average cell efficiency is 
10% or greater. For the current growth setup, higher effi- 
ciency cells were achieved at a higher growth speed. This 
demonstrates that for the current growth setup the speed is 
not a first order parameter in affecting cell performance. 

Table IV summarizes the results obtained for phosphine 

2 

processed small area (6 cm ) cells for various gas ambient 
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Table III. Solar Cell Data for Phosphine Processed Larpe Area (50 on^) 
Solar Cells Made from 10 on Wide Ribbons. 

o 

100 mW/cm , Xaion Light, 28^C, AR Coated. 


ISJ 

00 



Cell Parameters 1 

Run No. 

Gnwtli Anliient 

Sr»eed 

(on/min) 

Average 

Resistivity 



Diffusion 

Length 

J 

SCp 

(mA/an ) 

V 

oc 

(V) 

FF 

n 

(%) 

Mean n 
(%) 

17-143 

0.2% CD., 

2.5 

1.5 

27 

26.5 

26.5 
27.7 
26.2 

28.6 
26.2 
26.6 

"o'. 523 
0.531 
0.534 
0.530 
0.538 
0.529 
0.533 

O.'OOB 

0.705 

0.677 

0.699 

0.634 

0.717 

0.896 

9.9 

10.0 

9.7 

9.7 

9.9 

9.9 

9.6 

17-174 

Quartz in melt 

3.5 

1.0 

35 

25.3 

26.7 

0.527 

0.534 

0.667 

0.697 

8.9 

9.9 

9.4 

17-175 

0.3% 002 
+ 30 ppm 02 

3.5 

1.0 

36 

2(5.8 

27.7 

26.1 

27.5 

0.545 

0.537 

0.547 

6.735 

0.706 

0.720 

0.641 

10.7 

10.1 

9.7 

10.3 

17-178 

1% CD2 

+ 1(X) ppm O 2 

3.5 

1.0 

34 

26.4 

26.2 

0.518 

0.517 

0.696 

0.642 

9.5 

8.7 

Bl 

17-181 

6.23%, CD 2 
+ 23 ppm O 2 

3.5 

4.0 

43 

29.0 

28.8 

6.525 

0.522 

0.603 

0.713 

9.2 

10.7 

10.0 
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conditions and various ribbon doping levels. As can be seen 
from the table# the optimum doping level is from 1-4 Q-cm and 
the optimum CO 2 concentration is between 0.1% and 0.5%. The 
column on the right-hand side of the table indicates the cell 
efficiency that was obtained for CZ control samples that were 
processed along with the ribbon samples. This gives an in- 
dication of the process variability and allows spurious data 
to be rejected. The efficiencies of the two runs which had 
unusually high efficiency CZ cells should probably be scaled 
down somewhat. Since the efficiency of cells typically in- 
creases by 45% when the cells are AR coated# this means that 
a 6.9% non-AR coated cell will become a 10% cell after AR 
coating. The data in the table thus clearly confirm the 
result that by using optimized CO 2 ambients average cell ef- 
ficiencies in excess of 10% can be achieved in Machine 17. 

The CO 2 effect has also been demonstrated in Machine 16 
and average efficiencies of about 9% have been achieved. 
This is acceptable considering that very little optimization 
work was done there because of non-standard operating proce- 
dures. 

The use of a gas containing CO 2 plus O 2 in the growth 
cartridge produces two measurable effects: (1) raises the 
interstitial oxygen level of the ribbon# and (2) produces a 
film on the ribbon. The level of interstitial oxygen has 
been measured by infrared spectroscopy on a number of sam- 
ples. A correlation between interstitial oxygen levels and 
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CO2 concentrations has not been found and there is a lot of 
scatter in the data. It has also been found that as the CO2 
concentration is increased# the interstitial oxygen first in- 
creases and then decreases. The highest values of 
interstitial oxygen correspond roughly to the level of CO2 
for which the best cell performance is obtained. This depen- 
dence of interstitial oxygen level on CO2 concentration 
indicates that there are several reactions taking place. Ap- 
parently# some of the processes increase the flux of oxygen 
into the meniscus while others impede it. It may also be 
that the film on the ribbon (during the ribbon transit of the 
afterheater region) affects ribbon properties. A series of 
experiments to understand better what happens when ribbon is 
heat treated has been initiated and is discussed in the next 
section. 

Adding quartz to the melt as an alternative method of 
introducing oxygen into the ribbon has also been 
investigated. The results have# however# not been nearly as 
consistent as the results with using a CO2 (plus O2) gas mix- 
ture in the growth cartridge. Large variation in the amount 
of oxygen introduced into the ribbon and in the solar cell 
performance has been observed# and no significant trends have 
been identified. 

C. Treatment Experiments 

One major problem in making high efficiency cells 
has been that carbon crucible-grown ribbon has typically had 
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lower diffusion lengths and short circuit currents than 
quartz crucible-grown ribbon when PH^ processed. Previous 
experiments indicate that the ribbon diffusion length is sen- 
sitive to heat treatment and may be degraded by the phosphine 
diffusion process. It has also been shown that the introduc- 
tion of a small amount of CO2 gas into the growth cartridge 
can improve both ribbon diffusion length and cell performance 
and that this usually results in a higher level of intersti- 
tial oxygen in the ribbon. Thus, a series of experiments has 
been started in order to determine in more detail the effects 
of heat treatment of ribbon properties# and# if possible# to 
determine what the role of oxygen is in influencing ribboi. 
diffusion lengths and cell performance. The objective of 
these studies will be to learn how to grow ribbon with higher 
diffusion lengths and how to process the ribbon so as to 
preserve or even improve the diffusion length in order that 
the program cell efficiency goals can be met. 

This is quite a broad area to investigate# and tu begin 
with# some basic annealing studies have been performed to de- 
termine the effect of various heat treatments on ribbon 
properties. In interpreting these results# both bulk and 
surface effects have to be taken into account. The bulk ef- 
fects have to do with the diffusion# interaction# and 
clustering or precipitation of impurities# oxygen# carbon# 
and defects. The surface effects have to do with the fact 
that# depending on the ambient# interstitials# vacancies and 
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other types of defects can be generated or annihilated at the 
surface of the ribbon during heat treatment. Some of these 
defects have very high diffusion coefficients and can move 
throughout the bulk of the sample during heat treatment and 
effect changes in the bulk material properties. For certain 
types of anneal parameters (e.g.» oxidation) » gettering of 
impurities can also take place at the sample surface. Thus, 
the annealing results may depend on the time and temperature 
of the anneal and the ambient in which the anneal is 
performed. The results will also depend on the following 
properties of the as-grown ribbon; doping level, impurity 
type and level, defect type and density, and oxygen and 
carbon levels. A more extensive theoretical discussion and 
review of the literature will be included in a later report. 

The initial experiments were made using sample pairs ob- 
tained by cutting two one-inch square pieces positioned 
adjacent to onu another along the growth direction. One 
sample was used for anneal and one sample was used as a 
control or "sister" sample. After the heat treatment, alumi- 
num contacts were formed on the back of both samples by 
evaporation followed by sintering at 575^0, and a front 
aluminum layer was then evaporated to make a Schottky bar- 
rier. The diffusion lengths of both the annealed samples and 
the sister samples were then measured using the standard SPV 
apparatus . 
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Initial results have shown that the nonuniformity of the 
ribbon introduces considerable scatter in the data and trends 
may be difficult to identify. The preliminary conclusions 
which can be drawn from the experiments which have been done 
are as follows: (1) Heat treatment in nitrogen and oxygen at 
lOOO^C for one hour causes a severe degradation in diffusion 
length of from 30% to 80%. (2) The magnitude of the degrad- 
ation does not seem to depend on the ribbon doping level in 
the range from 1 Q-cm to 30 Q-cm^ on the interstitial oxygen 
level in the ribbon^ or on whether the anneal is done in 
oxygen or nitrogen. 

Further work which is planned in this area will involve 
two main sets of experiments: (1) experiments to determine 
the effect of time^ temperature and ambient conditions on 
ribbon annealed at intermediate temperatures such as might oe 
used in cell processing (700^C to llOO^C) . In addition to 
the effects of oxygen# nitrogen and argon ambients# the ef- 
fects of different diffusion conditions will also be 
investigated; and (2) experiments to determine the effect of 
time# temperature and ambient conditions on ribbon annealed 
at high temperatures such as the ribbon undergoes during the 
afterheat cycle immediately after solidification in the 
growth cartridge (1100®C to 13''0®c) . In both these regions 
the effect of the anneal on the minority carrier diffusion 
length and on the light enhancement effect will be studied 
for ribbon grown with and without cold shoes and with diffet- 
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ent growth ambient conditions. These experiments should lead 
to a better understanding of the basic materials parameters 
that govern ribbon diffusion length and should enable the 
growth parameters to be optimized for growing ribbon that can 
be made into high efficiency cells. The main emphasis is on 
improving ribbon diffusion lengthy since this is the chief 
shortcoming of the material that is currently being grown. 
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APPEMDICES 


1 . Updated PiflfliftiB Plan 

An updated program plan went into effect on March 1# 

1961. 

2. Man Houra and Coata 

Previous cumulative man hours were 100^661 and cost 
plus fixed fee was $3»657,319. Man houra for October 1980 
through September 1981 are 19^547 and cost plus fixed fee is 
4792r435. Thereforer total cumulative man hours and cost 
plus fixed fee through September 1981 are 120f206 and 
44«449/754» respectively. 

3. Engineering Drawings Anu Sketches fienCIAtCd Purina 

j;hfi EepQgtlng Pfixlod 

Hone . 

4. sumaagy oi Cha^tactetiaatigD iLita Gengiated Pmlna 
AJUfi Reporting Peiiod 

See Section IV. 

s. ActiQD 2itm Reguiied by J£L 

None. 

6. May Technology 

Any new items of technology will be separately re- 
ported pending possible patent action. 

7 . Other 

As-grown material supplied to JPL. 

8. Publications 

(a) "Modeling of Ambient-Meniscus Melt Interactions 
Associated with Carbon and Oxygen Transport in EPG of Silicon 
Ribbon#" by J.P. Kalejs and L.-Y. Chin# accepted for public- 
ation in Journal of The Electrochemical Society, (b) "Some 
Aspects of the Effect of Heat Treatment on the Minority Car- 
rier Diffusion Length in Low Resistivity p-Type Silicon#" by 
C.T. Ho and F.V. Wald# phys. stat. sol. (a) 67# 103 (1981). 
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AS^gaOVfH MAIEBIAL SUPPLIED ZD 2£L 


gibbon UrJJQ 

Grown on Machine 17 

Purified graphite cartridge and furnace components 

Melt doped to 1 Q-cm 

Sample size 5 cm x 10 cm (2* x 4") 

Spe^ * 3.2 to 3.6 cm/minute 


Siabon 17ri32 

Grown on Machine 17 

Purified graphite cartridge and furnace components 

Melt doped to 1 Q-cm 

Sample size 5 cm x 10 cm (2" x 4”) 

Speed 2.8 to 3.4 cm/minute 


Ribbon ILrIZS 

Grown on Machine 17 

Purified graphite cartridge and furnace component:. 

Melt doped to 1 n**cm 

Sample size 5 cm x 10 cm (2" x 4") 

Segment ID sloW/ thick (2.5 cm/minute) 

Segment 2C fast# thin (3.8 cm/minute) 


APPENDIX 8(a) 

liQDELIMG Ql ambient-heniscps melt IHTERACTIQMS 
ASSOCIATED tUTH 

CABBOM ADD QXIGED TBAKSPQRT ID 0£ SILICON &IEEOD 

J.P. Kalejs 

Mobil Tyco Solar Energy Corporation 
16 Hickory Drive 
Waltham, Massachusetts 02254 
L.-Y. Chin^ 

Department of Chemical Engineering 
Clarkson College of Technology 
Potsdam, New York 13676 

ABSTRACT 

Impurity transport processes associated with interaction 
of reactive ambient gases and meniscus melt during grov;th of 
silicon ribbon by the Edge-defined Film-fed Grov/th (SFG) 
technique have been investigated with the help of numerical 
solution of mass and momentum transport equations. The 
transport of oxygen and carbon is examined in detail. It is 
shown that oxygen transport from meniscus sources can account 
for the interstitial oxygen observed to be introduced into 
ribbon grown with CO 2 in the meniscus ambient. Growth speed 
is the process parameter which has the most pronounced influ- 
ence on ribbon impurity levels when a source or sink for the 
impurity is present on the meniscus surface. 

^Present address: Phillips Petroleum Co., Bartlesville, Ok- 

lahoma 74004. 

Key words: Mass transport, growth model, impurity, EFG 

silicon ribbon. 
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Ambient gases CO and CO2 have been used to influence the 
properties of silicon ribbon produced by the Edge^-def ined 
Film~fed Growth (CFG) technique (1). Changes in the struc- 
ture and improvements in the electronic properties of the 
ribbon for the purpose of making solar cells have been demon- 
strated. The processes that are responsible for these 
effects lead to changes in ribbon carbon and oxygen levels. 
The purpose of this paper is to examine the manner in which 
these processes affect impurity transport in the growth in- 
terface melt using numerical solutions of the mass and 
momentum transport equations. 

Ambient gas composition variations have been used to 
produce carbon and oxygen concentration changes in silicon 
crystals grown by the float zone (2) and Czochralski (3) 
methods. The experiments with silicon ribbon grown by the 
EFG technique differ from these earlier studies in several 
respects. The growth system under consideration is shown in 
schematic in Figure 1. New features of this system are the 
graphite crucible used to contain the bulk melt, and the die, 
also made of graphite. The latter contains the capillary 
path which connects the crucible to the die top and to the 
meniscus, or growth interface region. The die acts to iso- 
late the interface melt from that in the crucible. This 
isolation allows die top melt transport processes to be con- 
sidered independently of those operative in the crucible. 
Crucible conditions are important only insofar as they fix 
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average impurity levels of the melt entering the die capil- 
lary. Except for carbon » these levels are expected to remain 
unchanged during the melt traverse of the capillaries because 
they are located internally to the die. Carbon melt trans- 
port involves special considerations due to the continued 
reaction of silicon melt and the graphite die taking place 
during crystallization flow from the crucible to the inter- 
face. 

Since a graphite crucible is used to contain the bulk 
meltr oxygen and SiO gas are not produced by interaction of 
the melt and the crucible material, such as occurs with the 
use of silica crucibles in conventional Czochralski growth. 
Sources of oxygen other than the crucible may exist, e.g., 
residual oxygen in the charge material and furnace gases in 
the bulk melt ambient. For the purposes of the present 
Jtudy, the only processes considered to alter the carbon and 
oxygen concentrations in the melt after it has entered the 
die are those associated with reactive gas species at the 
meniscus surface. These gases are introduced to the inter- 
face region via the gas tubes shown in Figure 1. 

Carbo^ and Oxygen Sources in Ribbon Growth 

Ambient gas-meniscus reactions shown to influence ribbon 

properties have involved the gases CO and CO 2 . They have 

been introduced into the growth system at partial pressures 

-3 -2 

that typically range from 1 x 10 to 1 x 10 atm in a car- 
rier gas of argon. Interface melt ambient partial pressures 
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of reactive gases are estimated to be in the range from 1 x 
10 to 1 X 10 atm (1), and the gases are predominantly CO 
and SiO. Ribbon growth speeds varied from 0.03 to 0.05 cm/s 
in these experiments r with thicknesses of 200 to 300 /^m. 

Thermodynamic considerations for typical growth system 
temperatures (1685^K) and reacting gas partial pressures 
(~10 atm) show (4) that reactions of CO with silicon melt 
can produce SiC, Si02 and SiO. The latter two compounds are 
known to act as sources of oxygen for silicon melt. These 
same oxygen sources are generated when CO.; is used. The con- 
ditions under which CO 2 is introduced , temperatures above 
lOOO^C and in the presence of carbon parts, favor conversion 
of the CO 2 to CO. At the same time, the partial pressure of 
oxygen will be higher with CO 2 than CO and will impact on the 
balance of reaction products. Kaiser et al. (2) have exami- 
ned relationships between the oxygen content cf silicon 
crystals solidified in the presence of ambient oxygen and its 
partial pressures and flow rates. They find that the oxygen 

reaches its saturation value in silicon at a gas partial 

«2 

pressure of about 8 mm of Hg (~1 x 10 atm) . At higher 
pressures, no further reaction occurs because the melt sur- 
face is passivated by the formation of a film of Si02. The 
maximum interstitial oxygen concentration observed is 2 x 
10^^ at/cc, or 69 ppma, based on the ASTM procedure P-121. 
This value is taken as a limit to the oxygen concentration 
available at a melt surface to act as a source for the diffu- 


Sion phenomena that are modeled in the present calculations. 

The reactions of CO and CO 2 with silicon melt, 
considered as sources for oxygen, also affect dissolved 
carbon levels (3). In EFG with graphite crucibles and dies, 
the meniscus melt already has high levels of carbon. Addi- 
tional carbon will not go into solution if the melt is 
saturated. The formation of SiC is then a likely process by 
which the carbon brought to the meniscus surface by the gas 
can be accommodated. Growth of SiC particles will proceed in 
regions of the meniscus where carbon supersaturation occurs 
(1) . Meniscus surface film, presumed to be a mixture of SiC 
and Si02, is observed at high CO and CO 2 ambient concentra- 
tions when no growth is taking place. Under dynamic growth 
conditions the surface film is continuously incorporated into 
the grov/ing ribbon, which frees the meniscus surface for ad- 
ditional Sic nucleation and growth. This provides a sink for 
meniscus carbon that is operative under steady-state growth 
conditions. 

It is also possible to achieve experimental conditions 
for which removal of carbon and oxygen from the meniscus sur- 
face takes plac^ by evaporation. For example, oxygen may be 
depleted from the melt either as SiO or together with carbon 
as CO (5) , provided sufficiently low partial pressures of 
these gases exist at the melt surface (here, the meniscus). 

The aim in the present calculations is to predict the 
response of melt carbon and oxygen distributions to changes 
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in ribbon growth conditions given* that ambient gases and 
their reaction products act as sources or sinks for these im- 
purities at the meniscus surface. Average impurity 
concentrations and distributions through the ribbon thickness 
are obtained as a function of ribbon thickness, growth speed 
and meniscus height. 

Impurity Transport Calculations 

Numerical methods for calculation of impurity transport 
and redistribution in the interface melt region for ribbon 
EFG are discussed in detail elsewhere (6,7). The present re- 
sults have been obtained with the help of the solutions of 
the heat and momentum transport equations of Reference 7. 
Interface shapes and velocity fields were obtained there for 
a domain encompassing a plane through the ribbon thickness, 
as shown in Figure 2. These are used here for the solution 
of the diffusion equation by the method of finite elements 
with boundary conditions representing ambient gas reactions 
with silicon melt. 

The calculation domain encompasses the die top capillary 
and meniscus melt, with boundaries through Tg, the inter- 
face and the die inlet, as shown in Figure 2. Exact meniscus 
shapes can be calculated for the growth configurations mod- 
eled using the Laplace equation (8) . Deviations of the exact 
contour from the straight lines used here for the meniscus 
(boundaries and F 2 in Figure 2) are not great enough to 
warrant a more precise representation given the accuracy of 
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the numerical transport equation solutions » which is typi- 
cally about ten percent (7) . The total meniscus surface area 
available for the reaction may be underestimated by five to 
ten percent with the contours and r 2 < The impact of this 
approximation on the convective flow pattern is minimal be- 
cause lateral flow velocities are small compared to the 
growth velocity. 

The two-dimensional diffusion equation for impurity spe- 
cies of concentration C(x,y) and melt diffusion coefficient D 
is 



u and V are the x- and y- components of the velocity fields 
respectively. With solute segregation at the interface# the 
boundary condition there is 

(li ly "y) " ^ Vy^ 

n and n are the x- and y- components of the unit vector 
normal to the interface# and and Pg the liquid and solid 
silicon densities# respectively. is the ribbon growth ve- 
locity and the impurity segregation coefficient. The 
ribbon solute concentration Cg is calculated as Cg • 
where Cj is the melt concentration evaluated at the inter- 
face. The melt inlet impurity concentration at the die top 
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base is C ■ C^. 

Meniscus surface and die inlet boundary conditions have 
been varied to model several cases of interest in ambient 
9as-meniscu8 melt reactions: 

» 0, die inlet, C = 1 on and Tj (3) 

to represent meniscus source effects; 

Cq ■ 1, die inlet, C = 0, 0.5 C^, on and T2 (4) 

to represent meniscus sink effects. Zero flux boundary con* 
ditions are maintained on die surfaces r^, and Pg. 

A choice must be made whether to apply the condition of 
Eq. (2) or a constant concentration, as expressed by Eqs. (3) 
or (4) , at the meniscus surface-ribbon (interface) boundary 
when carrying out the numerical calculations. In the absence 
of experimental data to act as a guide, the results generated 
here have been obtained using Eq. (2) . This yields variable 
ribbon surface concentrations, as illustrated by the results 
shown in Figure 3 to 5. In the other scheme, the use of a 
constant interface surface concentration equal to the menis- 
cus source or strength value fixes the ribbon surface 
concentration at k^C^j. This results in higher average ribbon 
impurity concentrations in the case of meniscus sources, and 
lower averages for sinks, than obtained with the adopted 
scheme. However, the qualitative trends with meniscus 
height, ribbon thickness and growth speed exhibited by the 
data remain unaltered. 
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The die top geometry and growth parameters chosen are of 
interest in production of silicon ribbon for use as substrate 
material for solar cell fabrication (9 ) t a die top height of 
L ■ 0.25 cmr capillary width ■ 0.025 cm and die top flat 
width VI 2 • 0.005 cmi ribbon thicknesses from 0.01 to 0.03 cm 
and growth speeds from 0.02 to 0.06 cm/s were the other lnde> 
pendent variables in the study. In the approach pursued in 
the modeling in Reference 7, temperature boundary conditions 
are treated as additional independent parameters and varied 
to generate solutions with different meniscus heights for a 
given ribbon thickness and growth velocity. The solutions 
employed here are those for which the meniscus height is con- 
sistent with solutions of the Laplace equation for a given 

set of growth parameters (7»8). Impurity parameters chosen 

—5 2 

for the calculations were D « 5 x 10 cm /s and k_ values of 

o 

1.25 and 0.07. The latter are representative of oxygen (10) 
and carbon (11) r respectively. The value of D is that repor- 
ted for carbon (12) ^ while 0 is not known for oxygen. 
However r the value for carbon is in the lower range of those 
reported for impurities in silicon melt (6). This provides a 
lower bound estimate for meniscus source- induced melt impur- 
ity redistribution effects because they are essentially 
diffusion limited given a fixed growth speed. 

Discussion 

Normalized average impurity concentrations obtained from 
numerical solution of the transport equations are given in 
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Table It Calculated impurity distributions through the 
ribbon thickness for a number of these cases are shown in 
Figures 3 to 5. Two aspects of the ambient gas*meniscus melt 
interaction have been modeled. Meniscus oxygen source ef- 
fects are represented with the boundary condition of Eg. (3) 
and impurity parameters k^ ■ 1,25 and D « 5 x 10 ^ cmv*; 
meniscus carbon sink effects are modeled with the conditions 
of Eq, (4) and k^ ■ 0,07 and D ■ 5 x lO"^ croVs. 

For a meniscus source, the average ribbon interface 
concentration increases with decreasing growth speed and in- 
creasing meniscus height (Table I and Figure 3). These 
trends are reversed with a sink operative (Table I and Figure 
4). Growth speed ha£ the most pronounced effect on ribbon 
impurity levels both for sources and sinks. This is shown in 
Figure 3, where the ratio of the ribbon center to the surface 
concentrations has changed dramatically by over two orders of 
magnitude, with an increase of from 0.02 to 0.06 cm/s. 
Variations in the distribution with meniscus height and 
ribbon thickness are much less severe, as is evident from the 
data in Table I. 

Figures 4 and 5 illustrate the dependence of the impur- 
ity distribution through the ribbon thickness on growth speed 
(Figure 4) and sink strength (Figure 3) for meniscus sinks. 
The distribution for case 4 in each of these figures is for a 
zero flux meniscus surface boundary condition. The solutions 
of the heat and momentum transport equations used for these 


calculations result In interfaces which are concave toward 
the melt (7) . This leads to Cg/C^ > 1 in the center of the 
ribbon cross section for an impurity with < 1 because of 
lateral redistribution in the segregation boundary layer ar- 
ising from interface curvature and melt convection. Even for 
a uniform meniscus source of strength equal to depletion 
of melt impurity levels is shown to occur (case Z, Figure 5), 
This takes place at the expense of the segregated impurity in 
the boundary layers in which interface concentrations of the 
order of C^/k^ drive the mass transfer across the meniscus 
surface. 

The calculations show that oxygen transport from menis- 
cus sources can account for the interstitial oxygen that is 
introduced in ribbon grown with a CO 2 ambient (1, 13). The 
highest ribbon concentration that has been observed is 10 
ppma (14) . This is about 15% of the maximum oxygen surface 
concentration of 69 ppma available with conditions of surface 
saturation. By comparison, calculated average ribbon oxygen 
concentrations are predicted to attain between 20% and 60% of 
a uniform meni&cus source concentration (Table 1). Several 
factors associated with the exp'trimental conditions and ki- 
netic limitations for the transport processes modeled will 
lower the ribbon interstitial oxygen content below the maxi- 
mum possible: (1) It is not known if the oxygen sources 
resulting from CO and CO 2 reactions with silicon melt can 
achieve melt surface saturation. The source strength there- 
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fora may never reach the 69 ppma shown to be possible with 
pure oxygen gus) (2) The EPG ribbon produced has a high 
defect density, and the interstitial oxygen need not repre- 
sent the total oxygen content of the ribbon if oxygen is 
associated with these defects in non-interstitial sitesi and 
(3) The presence of SiC on the meniscus surface may place a 
kinetic restriction on oxygen transport which is not present 
under conditions v;here pure oxygen is the ambient gas. Dif- 
ferences in the effects produced by CO and CO 2 have been 
observed. Die top deposits and meniscus surface film are 
heavier and interstitial oxygen levels lower with CO than 
with CO 2 for a given partial pressure. This can be explained 
if the former gas produces a higher percentage of SiC than 
other products and results in a reduced availability of 
oxygen to the melt interior (15). 

The magnitude of the diffusion coefficient for oxygen in 
silicon melt is an adjustable parameter in the modeling. 
Calculations of impurity transport for EFG have shown that 
ribbon impurity redistribution is strongly dependent on the 
magnitude of D (6); the dependence on k^ when k^ is close to 
unity is very weak* These considerations apply also to the 
processes modeled here. Closer agreement between calculated 
oxygen levels and the measured average concentrations, that 
could be ochieved by adjusting D, has not been sought because 
of the above uncertainties in experimental conditions. 

The available experimental data do not shed light on am- 
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bient>cel«ted transport processes influencing ribbon carbon 

concentrations. Substitutional carbon neasured by XR spec* 

troscopy at the 16.5 fin band generally ranges from about 20 

1 B 

to 70 ppma (1 to 3.5 x 10 at/cc) and does not show iden- 
tifiable trends with gas species or partial pressures. From 
previous considerations of the Si-C phase diagram (1), it was 
estimated that ribbon total carbon levels ate much higher^ 
with the excess carbon incorporated into the ribbon as SiC by 
eutectic solidification. SiC is additionally observed to 
form on the die top surfaces (r^ and in Figure 2), from 
which it is detached and incorporated into the ribbon as par~ 
tides. This formation rate has been found to be influenced 
by ambient gas composition; since it would be expected to be 
dependent on the meniscus melt carbon level , this result sup- 
ports the concept of meniscus sources and sinks for carbon. 
These competing processes for carbon transport in the die top 
melt must be better understood before specific effects due to 
meniscus surface reactions can be identified. 

The calculated impurity concentrations in Table I and 
Figures 4 and 5 with C • 0 provide an upper bound (for the 
given D) for mass transport associated with processes involv- 
ing impurity removal at the meniscus surface. The solutions 
of cases 2 and 3 in Figure 5 give the best representation of 
phvsical conditions involved in carbon depletion caused by 
Sic formation. The difference in carbon concentration 
between supersaturated interior melt and the melt in equili- 
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briun with the SiC particle at ita surface 9 ives the driving 
force for melt carbon depletion. For a particle temperature 
near the melting point of silicon, the latter concentration 
could be as high as 250 ppma but in all cases will be less 
than C^. The mensicus melt carbon concentcation is generally 
nonuniform and greater than because of formation of the 
segregation boundary layer, which results in concentrations 
rising to as high as C^Aq~ 14 at the interface. 

Removal of carbon and oxygen from the meniscus surface 
by evaporation of gases, such as CO and SiO, involves addi- 
tional considerations. Evaporation is favored for meniscus 
ambient partial pressures below 3.8 x 10*^ atm for CO (5) and 
8 X IC*^ atm for SiO (4) near the melting point of silicon. 
Diffusion through the surface gas boundary layer then limits 
mass transfer in the general case (16), while surface carbon 
and oxygen concentrations will not vanish. Impurity trans- 
port in this boundary layer falls outside of the scope of the 
present modeling. However, the solutions given in Figure 4 
should be useful to represent evaporation processes in the 
limit of meniscus surface impurity concentrations Cj^ such 
that Cj,/C^ << 1. 


Summary 

Numerical solutions of mass and momentum transport equa- 
tions have been presented to model processes associated with 
ambient gas-meniscus melt reactions taking place during 
growth of silicon ribbon by EPG. Significant changes in 
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oxygen ai.i carbon levels are predicted to be produced by men- 
iscus surface sources and sinks, which are created through 
reaction of CO and CO 2 with silicon melt. The processes mod- 
eled can account for the level of interstitial oxygen, up to 
10 pproa, that is observed to be introduced into ribbon grown 
with a CO 2 ambient from melt contained in graphxte crucibles. 
Growth speed emerges as the process parameter with the most 
pronounced effect on ribbon impurity levels both for meniscus 
sources and sinks. 

The study of carbon transport is complicated by the 
possibility that a second phase, SiC, forms in the interface 
region because of melt supersaturation by carbon. The SiC 
can act as a surface sink for carbon that significantly redu- 
ces levels of melt carbon. 
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TABLE I 


Calculated Average Impurity Concentrations (C) in a Plane Through the Ribbon Cross Section Mormal 
to the Growth Direction a. a Function of Growth Conditions and Impurity Species 
Parameters with Meniscus Soxirces and Sinks. All Results are for D = 5xl0 cm/s. 


— 
Growth Parameters 

Normalized Impurity Concentration 

Speed 

(cm/second) 

Thickness 

(cm) 

Meniscus Height 
(cm) 

k = 1.25; Meniscus Sources 
(C/C„) 

k^ = 0.07; Meniscus Sinks 
(C/C^)» 

0.02 

0.02 

0.018 

0.i»0 

0.39 

0.03 

0.02 

0.021 

0.32 

0.65 

O.OU 

0.02 

0.020 

0.2U 

0.78 

CVJ 

o 

• 

o 

0.02 

0.026 

0.50 

0.33 

0.02 

0.03 

0.026 

0.35 

O.UU 

o.ou 

0.01 

0.027 

0.56 

0.88 

O.OU 

0.02 

0.027 

0.32 

0.77 

o.o6 

0.02 

0.026 

0.17 

0.80 


ir the imposed uniform meniscus surface concentration. 
M 


*C is the vmiform die top inlet melt concentration, 
o 
























FIGURE CAPTIONS 


Figure 1 


Figure 2 


Figure 3 


Figure 4 


Schematic of crucible and die configuration used 
in cartridge mode of preparation of silicon ribbon 
by EFG. 

Cross section taken through die top and meniscus 
in ribbon thickness plane showing location and 
boundaries of calculation domain. 

Calculated impurity distributions through ribbon 
thickness for uniform meniscus source concentra- 
tion C ■ Cjj and impurity parameters k^ ■ 1.25 and 
—5 2 

D B 5 X 10 cm /s. Results are for a constant 
ribbon thickness of 0.02 cm and meniscus height of 
0.026 cm, and growth speeds of 0.02 cm/s (case 1) , 
0.04 cm/s (case 2 ), and 0.06 cm/s (case 3). 

Calculated impurity distributions through ribbon 

thickness for uniform meniscus sink concentration 

C ■ 0 and impurity parameters k^ « 0.07 and D » 5 
—5 2 

X 10 cm /s. Results are for constant ribbon 
thickness of 0.02 cm and meniscus height of 0.020 
cm, and growth speeds of 0.02 cm/s (case 1), 0.03 
cm/s (case 2) and 0.04 cm/s (case 3). Case 4 is a 
reference distribution for 0*02 cm/s for zero flux 
(dC/dn • 0) meniscus surface boundary conditions. 
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Figure 5 


Calculated impurity distribution through ribbon 

thickness as a function of meniscus sink strength: 

(1) C « 0; (2) C - 0.5 (3) C « C^; and (4) 

dC/dn • 0. Constant ribbon thickness of 0,020 cm, 

meniscus height 0.026 cm and growth speed 0.02 

cm/s; impurity parameters are k^ ■ 0.07 and 0*5 
-5 

X 10 cm/s. 


20 


plenum chamber 



Figure 1 


'"? 3!^'AL PAGE lb 

OF POOR QUALITY 


RiQBON 




- 0.01 


0 


♦ 0.01 


X(cm) 

Figure 4 


ORIGINAL PAGE IS 
OF POOR QUALITY 





X CcmD 


Figure 5 


ORIGINAL PAGE IS 
OF POOR QUALITY 




APPENDIX 8(b) 

C. T. Ho AnO K V. Wald: Sotni; Aspect* of the Effect of Hcet Trratinrnt 


103 


pliyi. sUt. aol. (a) 07, 103 (MI81) 

Subject cliuieificntiot): 13.4; 14.3; 22.1.2 

Molit 7*yce Solar linrryy Corporolhn^ Waltham^) 

Some Aspects ot the Kffcct of Heat Trontiiieiit 
on the .Minority Carrier Diffiu ton Length 
in Low Resistivity p»Type Sil con 

By 

C. T. Ho and F. ^VALD 

Four diffvrettt types of low resiiitivity p-ty|)c siltcou. namely flo^it-zoned nml CzoehruNUi-tfrown 
materialt ns Acil an KFO ^roun ribbonn rontninimi high itnd low oxysen eonerntrtifotui arc 
subjected to heat treat muilM bctm»en H.Vi ami lO.Vl °(\ followcfi by slow cooling to C. after 
which they ure nir quenched. Siibt»rqucntly. the response of their electron dtifufric:; lengths to 
the flux of 1 |itn photons it measured. The results show* that in all materia Is a progressive 
destruction of the W'nority carrier diffusion length occurs ns the heat treatment tcm|H*rature 
increases. J low ever, it spitesrs that the dominant recombination c enters in the o.\ygen rich 
materials diffi r from tho.*e present in the rclativek oxygen free materials. It is cniiclmlcd that a 
**gcttcring*’ effect based on oxygen occurs, w hicli is not likely to be related to SiO. precipitation, 
however. 

Es wird das Vcrlmltcn der Elcktroncjidiffusionslhn'c in Bor-dotlcrtem Silirium aU Fuiikiion dcs 
Fhotonenihi?«seH l»ei 1 pm Welh'iiliiiigr in Abbaiigigkctt von vorhergegaugenen Wiirmclicli.UHl* 
lungen dri MatcriaN untemucht. Uaxu werden vicr Arten von Siliximn. niitniich tiegcifrei gcrogenes 
(FZ). liegtk'c/.ogeiuMi (CZl uiid sauerstoffarme <OL) sowohl nis auch simersloffirichc lOH) Ibinilcr 
die im ErCi-Vcrfahren licrgcstelll waren, b<i Tcmjxraturen zwisrbcu S.'H) und lo.VJ C* vorge- 
tempert und aiuictdicOend langsam uuf (UKi 'C (fbgckiihlt: danach werden Hie an huft ahtfe«cbreekt. 
Die Untersuclumgen ergeben. tlaU bci alien Mrtcrialicn cine Rcdiiktion der Elcktroiiendilfu^^ions- 
lango eintritt. ^\etln bei hdberrn Tempcraturcii vruliebandelt w irl. AMerdinas scheinen st<>h die 
erxeugtcn Hckombinatiotisxcntrcn in den sauerstoffrcichcn Materialicn vc»n denen in dcti Hauer* 
stoffarmcn xu unterHelieiden. Ks w ird grsehlosHcn. daO sirli grdih'rc Komplcxe xwiseben Saiu rsttUk 
Silizium und Vciuureinigttiigru kildeii, bevnr es xiir Frazipitatioii von >^iU. koinmt. 


1. InfrodiiHloti 

Hecently \vc have Kliown thnt tlic iiitrothietion of oxygen into KFfJ ribUm during 
growth can Imve profound conscrpienecs in Jiltering the morphology of the re'^uhiie^ 
lunterinl nnd in improving its electronic pn>pertiea 1 1], We eould .lUo show that thoe 
iniprov* nieitts nmy be traimlateci into eleurly more efficient holar eells and tlmr 
oxygen may be introdiieed botli by use of <piartx ertieibleH mid by the introditetioti of 
•iiitiible oxygen-bearing gases around the li<ptid ineiiisetiH during growth |2|. 

It hft« al.<4» Unxmie qtiite elear that it is llie prestuiee of oxygen in the nblMui ilmt 
CAiiHCs the previously observetl *‘light eulmiteemetil effect" whieli uiantft*^ts its4*lf by 
All ineronse id the minority earrier iliffusum ieiigtlt with tlie iitereasing photon flux. 
This may be interpretiHl ns resulting from I lie filling of a iiumbi-r i>f elosidy spaced 
donor-like reeombiiintioii states in the lower half of the gap as the eleetroii Fermi 
level moves further iipwnnl with the iiiereasing noii-ei|iii librium electron |HipuIation 

*) 10 lliikitrv Drive, Waltham, Massachusi'tts t’S.A. 
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injcoiod into ihn nmtcmi by tbc phot ion fiitHTw |3], In « Miilwcqiirtit iii- 
voiiigation, Vogniiy oonfirittt.*<i thin intf’riirntntioii, an«l (tino hlimvi'ti 

that itich uffectn cannot Ik* produced by onn or a few inipurity h'vrU (4J. 

Thua, to ua, the rlow afNicttig of th^?>M.* Icvcia and tl«*ir nciifly (iaiinninti dintrilmtioti 
through tho gap haa alwnya aii((gf'aic<l rather more umiplex atriietiiirn for tlir cetitora 
which cause th«,»?Hj cffccta ami nince they np|H»ar to Ikj largely ahnefit in oxygen-frcf! 
material [2]* oxygen inuat be implinatcci in their foriimt ion. 

t. Experimeiits and Itcaulta 

In this paper then, wc pre^nt tho reatilta of a qua ’*titattvc coiiiparimm of the change's 
in minority carrier diffusion length as a function of the* flux of jihutona of wn**eh*ngth 
1 pm f5]. The charaetcriatica of four different ty|»oa of atiteun nmtcriAb, lu*a -treated 
through ♦hrec* differing iie<picncea were coiiipare<l. 'Hie niatcrials were: 

(i) Single-cryMul f)oat-xoiie*d aainplos, boron do|K*d to m 1 11 cm with a starting 
arerage electron diffusion length of wr ItK) pm as measured by u surface pool o voltage 
meth^ [0]. 

This material also was analyxiKj for carlioii and oxygen using standard iiif»^are<l 
transmission techniques [7] and l>oth of these cletnents were found to lie liciow a i-oii- 
oentnttion of ^ 1 x 10**and 2 X 10** atoms enr*, resiwctively. These* nro the clct«.*c» 
tion limits for our ease, as we use*d relatively thin slices for the studies here. 

(ii) Singie*cr)*atal CxochralakbgroM*n slices, boron doped to ^ 2 tl cm with a starting 
diffusion length of m 135 pm, a carbon content of 3 x 10^^ atoms cur* and also con- 
taining 2 x 10** atoms enr* of oxygen. 



Fig. 1 . The effsei of |m**unuealiaf tem|«efature (mh* text) on tlie re«|iouse of tlte cteHren 
length L to tho flux 4»f 1 gm fihototis, fur vartouf kituU of l>'ty{ie siJic'Oit 
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(Jii) 5 cm wide RFf^ rit>honft noniinnlly 1 Q cm l)oron rlo|M*d» i^rcm n tit cni/min 
from n ginphito critciMc ami tming a graphito die. Oxygen wan inirtMim*cil into thn«o 
ribbons by controlling the CO| concentmtion around the nicnincun |1]. When no COj 
was introduced into the gas ambient (the CUg-off condition (2]}, tlm oxygen conceit* 
traiion in this ribbon was found to Im S « X 10** n»ouis cm**, i.c. Iiciow our detci - 
tkm limit, whereas csrbon was found at i x lU'*atomf« cm~*. For tins iimtcrial. 
which we designate **oxygcn limn'* !0L), the clccircn ddfiistoii length averag:**! 
m 34 |im. 

(iv) Material from the same growth run, when COy was added to the argon snibicnt 
around the meniacua, increased in diffusion length to m 4H^tn. 11tis 'Vixygen rich'* 
(OU) mMerial now contained 4 x 10^’ atoms cm** of oxygen and ^ 1 x 10*" niov»» 
cm** of carbon. Of course, all ribixms contained the iisiiai sets of defects inherent in 
£FO*grown silicon to 10}. 

These four types of material, na::.ely FZ (float xonwl), CZ (CzochraNki grown), OL 
(EFG ribbon grown under ambient conditions relatively free of oxygen), and OK 
(ribbon where CO| was introduced during growth), were all subjected to thn^ annealing 
cycles in a phosphine containing atmosphere and at lentperaVurc^ of H50, 050. and 
1050 *T, using a standard diffusion iu)>c lumsew. The atmospheric and temperature 
conditions thus are similar lO various diffusion sequences wlitcl^ one might use in solar 
cell preparation. How*ever, in order to drive any solid-state reactions further to com- 
pletion, the time at these three teni])eratures was extended to tK) ntin and in each 
ease a slow cooling sequence was subsequently tt»et| which brought the slices down to 
600 *C over 5 h, after which they -^ere removed from the diffusK'm tube and air 
quenched. 

The results of these experiments are all summarised in Fig. 1. 

3. Slseuision siid Couelu^ions 

It is quite clear from Fig. 1 that the heat treatment sequences employed here did 
have a significant ‘effect on the final minority carrier lifetime of all the matennU 
investigated, whether they contained high oxygen concentrations or not. We observe 
quite generally a progressive desfntction of diffusion length as the pre-annealing 
Umpciwture increaK*s. irrestH^ctive of the fact that the subsequent slow* cooling se- 
quence exposes all materials for s sigui/ieant length of time to tcmpt*rf.turci around 
600 to BOO "C. 

Tills effect seems also not easily explained by assuming that impurity in-diffution 
occurs from the anuealing furnace or the atmosphere during tiu* hent treutmonts. 
Since both the FZ and CZ materials were heat treated in the same furnace, they siiouhl 
have been ex|ioaed to the same impurity concentrations and should ihvii l>e cxiH‘ctcd 
to show very similar diffusion Icngtlis for the two higlior teinjicraturc 
That is however not the ease, and one is therefore f<ircc<( tu assume that the uhscr\*i*d 
decreases in diffusion length arc due to internal reiirrangcmcntH of rceombination 
centers, i.c. centers which were not “active” ^or rci.omhiuatton in the at-^rowu 
material are iu>w* “active” after the heat treatment. 

Such effects have Unm previously shown by Ornff and Fie|K*r (II) to exist in flonf- 
toiied ttuttcrial. Tliey demonstrated that the lifetime of smh crystals could l»e either 
iuen^ased or di>ereast««l m the teiii|»enitMri* range iH^twi^eii tiflO and de|K*iidiiig 

on the g€*in*m( defect eoiicimtration (dislm^ations, swirls, “A” and “IF* clusters), and 
they asAX*uittHl the hfcliiiic mcreases with nn “iiitr.»’im! gettering effect”, iutiwd by 
unafieeifkxl jionit defect (^utiiplexcs. It wotild then **c |*assthle tu interpret .lie rfstilTs 
of our ex|>erimenta in this view by saying that eerttiiii jwinf defect i*<>mph xcs which 
may also tm'i'rporntc bound iinpurittes arc progrcssi%'e!y di^troy<.*<i us the iiuiml 
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annealing teni|>erattire is incToa»ed, even thougli the cooling schedule is Iield relatively 
constant. 

That effect clearly manifests itself (Fig. 1) in the float -zoned nmterinl and is <i|uitc 
total for the KF(J material with Us far higher defect and im|mri(y contents. In fact» 
wo have observed on occasion even more |)rono'iueed ease^s than those indicated in 
Fig. 1, where KFG material with an initial diffusion length of 70 to 100 ixm was 
ohtaincKi in growth from graphite crucibles umler owgeii-iean conditions, which was 
then rc<hiee<i to a level of 2t) to 25 *111! during std^setpient solar cell fabrication. 

In other words, for all iimterialH, whether they contain oxygen or not, in whieli pn*- 
amiealtng and the slow cool an? combined, n progressive destruction of the diffusion 
length with increased prc-anncaling teinperaiure is ol>served. lienee, it ap{>cnrs that 
during crystal growtii of silicon at higli tem])eniliires a general “gettering'’ effect 
prevails, which is |)erhaps based on the “metal point defect” association model sug- 
gested by Graff and Pieper [1 1]. This association, however, appears to be quite unstable 
at lower teniperatiires and thus in all materials a reduction in lifetime occurs when 
they are heated for any duration in the temperature range between 1050 and 8Qf) 

However, when oxygen is present in larger concentrations, this effect can apparent I3’ 
be counteracted somewhat, at least for heat treatments at intermediate temperatures. 
We conclude this of course from the fact that the (Mffu.sioa length is now vt ' sensitive 
to the photon flux, which indicates the presence of a set of quite different recombina- 
tion centers in the o.xygen-rich materials, which now clearly dominate t ne lifetime and 
which must have therefore been formed by an attraction between oxygen and those 
centers which dominate the lifetime in the oxygen-lean materials. 

The cooling schedule used here indicates that the crystals are annealed for a con- 
siderable length of time at temperatures around 700 ®C. but arc quite quickly cooled 
through ail tempera r tires below 000 X' so that we may assume thut the present results 
a" not due to effect*? associated with the well-known “thermal donor”, whose effect 
ii: leaxiniired at 4r ‘ Jn fact, most investigations suggest that this “thermal donor” 
is destroyed at -ratures over bOO °C [12]. However other, more complex, donors 
[13] which are btheved to take the form of larger clusters and whose occurrence 
is maximized around 700 ®C have recently been discussed [12, 14]. Thus we postulate 
that in our oxygen containing material these larger clusters play a role in the gettering 
of impurities. Such clusters of cour.se can be viewetl as part of a continuum which 
eventually leads to SiOj precipitation [15] and the sensitivity of suclt precipitation 
reactions to carbon content and pre-annealing temperature of silicon crystals has been 
well established recently [10, 17]. 

How^ever, we do not believe that in this case I lie impurity gettering capability of 
the clusters is related to their eventual precipitation as SiO.,, which then generates 
dislocations that net as impurit}" sinks [18] since for “EFG”-grown ribl)on with its 
relatively high defect contents [8 to 10] such an oxplnnation seems hardly tenable. 
Yet our diffusion length measurements suggest that gettering by oxygen does in fad 
occur, and indeed is sensitive to tlie pre-aiuiealing treatments which the material 
undergoes. It is then our postulate that larger aggregates “getter’ metallic 

impurities pr»or to the precipitation stage, by meclianisni.'s not related to dislocations, 
but periiaps through eoulombic attraction or physieo-ehemical forces of other kinds. 
However, it is quite |>ossil>le that dislocations play a role in the initial nucioation of 
such aggregates. 
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